Abstract. The hepatitis C virus (HCV) core protein is critical in the development of hepatocellular carcinoma (HCC). Investigations on HCC have previously focused on microRNAs, a class of small non-coding RNAs, which are crucial in cancer development and progression. The present study aimed to investigate whether microRNA (miR)-196a is aberrantly regulated by the HCV core protein, and whether miR-196a is involved in the regulation of the aberrant proliferation of HCV-HCC cells. In the study, miRNA expression was detected by quantitative polymerase chain reaction analysis. An Ad-HCV core adenovirus was constructed and cell proliferation was measured using a Cell Counting Kit-8 assay and a cell cycle assay following infection. The results of the present study demonstrated that the HCV core protein increased the expression of miR-196a, and that overexpression of miR-196a in the HepG2 and Huh-7 HCC cell lines promoted cell proliferation by inducing the G1-S transition. Furthermore, the present study demonstrated that forkhead box O1 (FOXO1) was directly regulated by miR-196a, and was essential in mediating the biological effects of miR-196a in HCC. The overexpression of FOXO1 markedly reversed the effect of miR-196a in HCC cell proliferation. Taken together, the data obtained in the present study provided compelling evidence that elevated expression levels of miR-196a by the HCV core protein can function as an onco-microRNA during HCV-induced cell proliferation by downregulating the expression of FOXO1, indicating a potential novel therapeutic target for HCV-related HCC.
Introduction
Hepatocellular carcinoma (HCC) is the most common type of liver cancer and is the fifth most common type of cancer worldwide (1) . The rate of HCC-associated mortality is >600,000 each year, and the 5-year survival rate is <9% (2, 3) . The majority of patients with HCC have chronic liver diseases, including chronic hepatitis infection (4, 5) . HCV infection has been the leading cause of chronic hepatitis, liver cirrhosis and HCC for decades (6) . It is estimated that 200,000,000 individuals are chronically infected with HCV worldwide (7, 8) . Despite progress in understanding immunity against HCV infection and HCV pathogenesis, and progress in the development of effective direct-acting antivirals, no effective vaccine has been developed for HCV, and the current antiviral treatments have certain limitations.
HCV is a member of the Hepacivirus genus of the Flaviviridae family, and is represented by seven major genotypes. HCV contains a 9.6-kb positive strand RNA genome comprising a 5'-noncoding region (NCR), which includes an internal ribosome entry site, an open reading frame (ORF) that encodes structural and non-structural proteins, and a 3' NCR. The structural proteins, which form the viral particle, include the core protein, and the envelope glycoproteins, E1 and E2 (9) . Among the HCV viral proteins, the first structural protein encoded by the HCV ORF is the core protein, which forms the viral nucleocapsid. The HCV core protein is likely to be an important determinant in mediating the pathological effects of HCV through several multi functional activities (10) . Previous studies have indicated that the HCV core protein may be a potential oncoprotein in HCV-associated HCC, however, the HCV core regulatory mechanisms remain to be fully elucidated (11, 12) .
Previously, microRNAs, a class of genes transcribing small, highly conserved, 19-24-nucleotide noncoding RNAs, have emerged as potent regulators of gene expression by silencing messenger RNAs (mRNAs), which bind to the 3'-untranslated region (3'UTR) of target genes (13 in a number of normal biological processes, including the regulation of cellular differentiation, metabolism, proliferation, apoptosis and cancer (14) . The aims of the present study were to investigate whether microRNAs are involved in HCV core protein-induced aberrant proliferation. The results may determine whether HCV core protein-induced upregulation of microRNA-196a is associated with HCC proliferation and the biological behavior of HCC, and may assist in elucidating the underlying mechanism.
Materials and methods
Cell culture and transfection. 
Ad-HCV core adenovirus construction and infection.
The Ad-HCV core adenovirus and the control Ad-enhanced green fluorescent protein (EGFP) adenovirus were constructed using the Ad-easy system (Invitrogen; Thermo Fisher Scientific, Inc.), as previously described (15) . The HCC cells were seeded into a 6-well plate at a density of 3x10 5 cells per well and incubated at 37˚C overnight until the cells were 50-70% confluent. The HCC cells were then infected with the Ad-MOCK, Ad-HCV core and control Ad-EGFP adenovirus, at a multiplicity of infection (MOI) of 50. After 48 h, the infection efficiency was evaluated by observing the expression of EGFP under a fluorescence microscope (Eclipse 90i; Nikon, Tokyo, Japan). The cells were collected for analyses, which were performed 48 h following infection.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
The total RNA enriched with microRNAs was isolated from the HCC cells using a mirVana TM miRNA isolation kit (Applied Biosystems; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The expression of miR-196a was quantified using a Taqman MicroRNA assay (Applied Biosystems; Thermo Fisher Scientific, Inc.). Briefly, 10 ng of total RNA was used for reverse transcription to cDNA using specific stem-loop real-time primers (Shanghai Jade Lee Biotechnology Co., Ltd., Shanghai, China). The primer sequences were as follows: miR196a forward, 5'-GTC GTA TCC AGT GCA GGG TCC GAG GTA-3' and reverse, 5'-TTC GCA CTG GAT ACG ACA GCA AAA ATGTG-3'; U6 forward, 5'-GTC GTA TCC AGT GCA GGG TCC GAGGT-3' and reverse, 5'-ATT CGC ACT GGA TAC GAC AAA AAT ATGG-3'. The reverse transcription primers for the specific microRNAs were used to amplify the cDNA from the microRNA. The PCR reaction mixture was composed of 1 µl cDNA, 0.5 µl primer and 5 µl SYBR Green PCR master mix buffer (total volume, 10 µl). qPCR was performed with 30 cycles of the following: 30 Sec at 98˚C, 90 sec at 58˚C and 20 sec at 72˚C; with a final extension at 72˚C for 5 min using ABI Prizm 7500 PCR machine and TaqMan Universal PCR Master mix (Applied Biosystems; Thermo Fisher Scientific, Inc.). All primers were obtained from the TaqMan miRNA assays (Applied Biosystems; Thermo Fisher Scientific, Inc.). The relative quantification of miR-196a was calculated using the 2 -ΔΔ Cq method (16) . The data were normalised using U6 as an internal control, and the data were measured relative to a calibrator sample as the external control.
Cell proliferation assay. To determine the cell proliferation capacity, the HCC cells were monitored using cell growth curves. The cells were plated into 96-well plates (4x10 3 cells/well), and the cell viability was documented every day for 5 days using a Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan). The absorbance values in each well at 450 and 510 nm were measured using a Benchmark Microplate Reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Cell cycle assay. For cell cycle analysis, the cells were collected by centrifugation (12,000 x g at 4˚C for 5 min) 48 h following infection or transfection, washed with cold phosphate-buffered saline (PBS), fixed with 70% cold ethanol, and incubated at -20˚C overnight. The fixed cells were then collected, washed with PBS, resuspended in Tris-HCl buffer (pH 7.4) supplemented with 100 µg/ml RNase A (Sigma-Aldrich, St. Louis, MO, USA) and labelled for 30 min with 50 µg/ml propidium iodide (Sigma-Aldrich). Cell cycle analysis was performed on a flow cytometer (FACSCanto; BD Biosciences, Franklin Lakes, NJ, USA) using ModFit LT software version 3.2 (Verity Software House, Inc., Topsham, ME, USA).
Western blot analysis. The cells were lysed on ice using M-PER mammalian protein extraction reagent (Cell Signaling Technology, Inc., Boston, USA). Protein concentration was quantified using a Bradford assay (Bio-Rad Laboratories, Inc.) The protein (30 mg) was separated by 10% SDS-PAGE and transferred onto a polyvinylidene fluoride membrane (Amersham Biosciences, Buckinghamshire, UK). Then, the membranes were blocked with 5% skim milk at room temperature for 1 h, and washed in 0.05% Tris-buffered saline (Sigma-Aldrich) with Tween 20 for 5 min three times. The membranes were probed with primary antibodies against FOXO1 (cat. no. 2880) and GAPDH (cat. no. 5174) (both dilution, 1:1,000; both rabbit monoclonal; both purchased from Cell Signaling Technology, Inc.) overnight at 4˚C, followed by incubation with secondary antibodies at 37˚C for 1 h. The bands were detected using enhanced chemiluminescence (Pierce Biotechnology, Inc., Rockford, IL, USA) and visualised using the ChemiDoc XRS system (Bio-Rad Laboratories, Inc.).
Plasmid construction. To construct the luciferase reporter vector, the full-length 3'UTR of FOXO1, as well as a mutant sequence of FOXO1, were synthesised using PCR. PCR was performed under the follow thermal cycling conditions for 30 cycles: 30 Sec at 95˚C, 90 sec at 60˚C and 30 sec at 72˚C; with a final extension at 72˚C for 5 min using a ABI Prizm 7500 PCR machine (Applied Biosystems; Thermo Fisher Scientific, Inc.) The primers used contained the following restriction sites: FOXO1 3'UTR, forward 5'-ACT AGT GAA GTG CCA AAC TC ACT ACA -3' and reverse 5'-AAG CTT TAC AAA GCT GGC ATT TAA TC-3'; and Mut FOXO1 3'UTR, forward 5'-CTT T TGT TTG TAA GAA CTG TTT TCT GCGGA-3' and reverse 5'-TCC GCA GAA AAC AGT TCT TAC AAA CAA AAG -3'. The PCR product from the FOXO1 3'UTR was cloned into the SpeΙ and HindΙΙΙ restriction sites downstream of the luciferase ORF in the pMIR-report vector (Ambion, Carlsbad, CA, USA).
For re-expression, FOXO1 without the 3'UTR was amplified using PCR with the following primers: Forward 5'-ATG GCC GAG GCG CCT CAG GTG -3' and reverse 5'-TCA GCC TGA CAC CCA GCT ATG T-3'. The resulting PCR amplicons of FOXO1 were cloned into the T vector (Promega Corp., Madison, WI, USA). The correct clones were confirmed by sequencing.
Luciferase reporter assays. For the luciferase assay, the HCC cells were grown to 70-80% confluence in 24-well plates and co-transfected with the firefly luciferase reporter vector containing the FOXO1 3'UTR or its mutant 3'UTR, and miRNA mimics (50 nM) using Lipofectamine TM 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. A luciferase activity assay was performed 48 h following co-transfection using a Dual-Luciferase Reporter Assay System (cat. no. E1980; Promega Corp.), and the values were normalised with Renilla luciferase activity.
Statistical analysis. All data were analyzed using SPSS version 17.0 (SPSS Inc., Chicago, IL, USA). All data are shown as the mean ± standard deviation. Significant differences were analysed using Student's t-test for comparisons between two groups, and one-way analysis of variance or the non-parametric Kruskal-Wallis H test were used for multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results

Ad-HCV core infection upregulates the expression of miR-196a
in HCC cells. The HepG2 and Huh-7 cells were infected with Ad-HCV core or Ad-GFP at an MOI of 50, and the infection efficiency was evaluated by observing the expression of EGFP under a fluorescence microscope (Fig. 1A) . Western blot analysis confirmed the efficient transient expression of the HCV core protein at 48 h-post Ad-HCV core infection (Fig. 1B  and C) . The present study subsequently examined whether the level of miR-196a is affected by HCV core overexpression. As shown in Fig. 1D , the level of miR-196a was significantly higher in the Ad-HCV core-infected cells, compared with the expression level in the Ad-MOCK control group.
Overexpression of miR-196a promotes cell growth and the G1-S transition.
A previous study demonstrated that Ad-HCV core infection promotes cell growth and the G1-S transition (15) . To confirm the hypothesis that the HCV core protein affects the proliferation of HCC cells via the upregulation of miR-196a, miR-196a was overexpressed in the HepG2 and Huh-7 cells by transfection with miR-196a mimics. Increased expression of miR-196a was confirmed using RT-qPCR ( Fig. 2A) . Using cell A B C D growth curves, it was found that the miR-196a mimic promoted the growth of the HCC cells, compared with the control cells (Fig. 2B ). In addition, marked promotion of the G1/S transition was observed by the miR-196a mimics (Fig. 2C) . Overall, these data suggested that miR-196a promoted HCC cell proliferation by inducing the G1-S transition.
FOXO1 is a direct target of miR-196a.
As microRNAs regulate the expression of mRNAs by targeting the 3'UTR of relative mRNAs, the present study detected the target of miR-196a in HCC cells. A previous study reported that FOXO1 serves as a target of miR-196a post-transcriptional repression in cervical cancer (17) . To identify whether FOXO1 is regulated by miR-196a in HCC, HepG2 and Huh-7 cells were transfected with miR-196a mimics. Western blot analysis showed that the miR-196a mimics markedly inhibited the protein expression of FOXO1 in HCC cells (Fig. 3A) . To verify whether FOXO1 is a direct target of miR-196a in HCC cells, the potential seed sequence for miR-196a in the 3'UTR of FOXO1 was analysed, and the wild-type and mutant FOXO1 3'UTR fragments were cloned into a luciferase reporter gene system (Fig. 3B) .
The wild-type or mutant FOXO1 3'UTR constructs were co-transfected with the miR-196a or control mimics into the HepG2 and Huh-7 cells, and luciferase activity was measured. The luciferase reporter assay indicated that transfection with miR-196a led to inhibition of the wild-type 3'UTR, however, miR-196a had no effect on the luciferase intensity controlled by the mutant 3'UTR (Fig. 3C) .
Overexpression of FOXO1 reverses miR-196a-mediated proliferation.
To confirm the hypothesis that miR-196a affects the proliferation of HCC cells via the downregulation of FOXO1, the HepG2 and Huh-7 cells overexpressing miR-196a were transfected with a FOXO1 construct lacking the respective 3'UTR, or an empty vector. Western blot analysis demonstrated increased protein expression levels of FOXO1 in the cells co-transfected with the FOXO1 recombinant plasmid, compared with the cells transfected with the empty vector (Fig. 4A) . Overexpression of FOXO1 resulted in growth inhibition of the HCC cells, as assessed using the CCK-8 assay (Fig. 4B) . Cell cycle assays showed that the overexpression of FOXO1 restored the percentage of cells in the G 0 /G 1 phase and reversed the enhanced proliferation effect of miR-196a (Fig. 4C) .
Discussion
HCV-associated infection, which is present worldwide, increasingly contributes to health care expenditures, morbidity rates and mortality rates (18) . Although substantial progress has been made in previous years in determining the structure and function of HCV proteins, the HCV viral load does not necessarily correlate with the severity and progression of the disease. Therefore, the investigation of a novel regulatory mechanism for the diagnosis and treatment of HCV-associated infections is required. The HCV core protein is likely to be an important determinant in mediating the pathological effects of HCV (11, 12) . There is accumulating evidence that the HCV core protein can exert a regulatory function through the expression of microNAs (19) . miR-196a has been shown to be crucial in normal cell differentiation and proliferation, and in the tumorigenesis of various types of cancer (20) (21) (22) (23) . The upregulation of miR-196a correlates with aggressive progression and unfavourable prognoses in colorectal cancer, gastric cancer, non-small cell lung cancer, osteosarcoma and other types of cancer (24) (25) (26) (27) . A previous report suggested that circulating miR-196a is a specific and non-invasive candidate biomarker for the diagnosis of chronic HCV infection (28) . A subsequent study demonstrated that HCV infection markedly enhances the expression of miR-196a in hepatocytes, and that HCV replication is required for the upregulation of miR-196a, which suggests that miR-196a is critical in HCV-associated infection (29) . The data obtained in the present study indicated that ectopic expression of the HCV core protein enhanced the expression of miR-196a. The overexpression of miR-196a significantly inhibited HCC cell growth due to S phase accumulation. These results were consistent with previous studies demonstrating that miR-196a may have oncogenic role in tumourigenesis and tumour progression.
As for the mechanism of miRNA regulation in cancer, it is crucial to validate target genes. FOXO1 has been identified as one of the high-scoring candidate genes for miR-196a targets by several in silico methods for target gene prediction, including PicTar, TargetScan and microRNA databases (30) . A previous study provided direct evidence that FOXO1 is a direct target of miR-196a in cervical cancer cells (16) . FOXO1 belongs to the FOXO subfamily of forkhead transcription factors, which contain evolutionarily conserved transcriptional activators that are characterised by a highly conserved forkhead domain with a DNA-binding motif (31) . A previous study provided direct evidence that FOXO1 is a potent transcriptional activator, which triggers the expression of a program of genes involved in cell cycle arrest, apoptosis, DNA repair and hypoxia responsiveness (32) (33) (34) . FOXO1 is also known to be a tumour suppressor, and the upregulation of FOXO1 induces cell cycle arrest in HCC (35, 36) . In the present study, through the prediction of molecular information, FOXO1 was confirmed as a direct target gene for miR-196a, and it was shown that miR-196a negatively regulated the expression of FOXO1 expression by directly targeting the 3'UTR of FOXO1 mRNA in the cells.
Additionally, the present study demonstrated that the inhibitory effect of miR-196a on cell growth was reversed by overexpressing FOXO1, which suggested that miR-196a promoted cell growth by suppressing the expression of FOXO1.
In conclusion, the present study was the first, to the best of our knowledge, to identify the potential role of miR-196a in HCV core-mediated HCC proliferation and its underlying mechanisms. The findings of the present study revealed that the HCV core promoted the upregulation of miR-196a, and was crucial in HCC cell proliferation, possibly through the indirect targeting of FOXO1 by miR-196a. Understanding the precise role of miR-196a in the induction of tumour cell proliferation is likely to increase our understanding of the biology of HCV-associated HCC, and the inhibition of miR-196a may represent a novel therapeutic strategy for the treatment of HCV-associated HCC.
